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T he folding of RNA proceeds hierarchically, whereby secondary structure is formed rapidly and subsequent slow helical packing is mediated by tertiary interactions (1, 2) . RNA secondary structure prediction from the known thermodynamics is quite reliable (3), though correspondingly accurate prediction of tertiary structure remains a major challenge (1) . Static tertiary structure data alone are also not enough to predict RNA functionality, as time-dependent conformational dynamics occur during biochemical processes (4, 5) . As a result, one needs the full free energy, enthalpy, and entropy landscapes for folding. A major road block in achieving a predictive understanding of RNA folding landscapes is that they are often "rugged,", i.e., with alternative conformations acting as kinetic traps (6, 7) . Moreover, the electrostatic challenge of folding a charged biopolymer highlights the particularly critical role of Mg 2þ and other counterions in the folding process.
Characterization of folding transition states-and the role of Mg 2þ in stabilizing transition states-remains a crucial bottleneck for reconciling the kinetics and thermodynamics of RNA folding (8) (9) (10) (11) (12) (13) . Some insight into the free energy landscapes for RNA folding can be obtained from temperature-dependent stopped-flow kinetic studies, which offer the ability to deconstruct free energy barriers (ΔG ‡ ) into enthalpic (ΔH ‡ ) and entropic (−TΔS ‡ ) components. However, with such methods, only the net rate constant (i.e., k total ¼ k fold þ k unfold ) for approach to equilibrium can be observed, which requires strong assumptions (e.g., that k fold ≫ k unfold or k unfold is temperature independent) to permit accurate extraction of transition-state barrier heights (11, (14) (15) (16) . Single-molecule fluorescence resonance energy transfer methods (smFRET) avoid such kinetic restrictions by providing both folding and unfolding rate constants under equilibrium conditions, though smFRET transition-states studies of RNA folding are scarce (9, 13, 17) . Furthermore, despite the well known role of Mg 2þ in promoting the structural assembly of RNA, there is limited information even from ensemble studies on the enthalpic vs. entropic contribution of [Mg 2þ ] to tertiary structure stabilization (18) and no studies whatsoever addressing the thermodynamic origin of Mg 2þ -accelerated folding.
In this work, we exploit temperature-controlled smFRET microscopy to explore the [Mg 2þ ]-dependent thermodynamics of RNA folding/unfolding by characterizing enthalpy and entropy changes associated with the elementary formation of an isolated tertiary interaction. Specifically, we measure the temperature dependence of the equilibrium and rate constants for intramolecular docking/undocking of a GAAA tetraloop with its 11 nucleotide receptor via a flexible U 7 linker as function of [Mg 2þ ] (Fig. 1A) . The tetraloop-receptor (TL-R) interaction is a ubiquitous modular motif (19) (20) (21) . Mg 2þ -RNA interactions can be through site-specific coordination or a diffuse ion atmosphere (22) . This work focuses on the latter, more common interaction of fully hydrated Mg 2þ with RNA, as it was previously shown that TL-R docking does not require direct Mg 2þ coordination (16) . The structures of the docked and undocked forms of the tetraloop and receptor are known (21, (23) (24) (25) , allowing for direct correlation of structure with folding thermodynamics (26, 27) . We show that the free energy barrier (ΔG ‡ dock ) for docking is entropic (−TΔS ‡ dock ≫ 0) with an "early" (i.e., ΔH ‡ dock ≈ 0) transition state, whereas the overall reaction is exothermic (ΔH°d ock ≪ 0) and entropically disfavored (−TΔS°d ock ≫ 0). These observations support a paradigm that RNA folding transition states lack significant formation of the tertiary interaction (8, 9, 12, 13 ]-dependent docking of an isolated GAAA tetraloop with its 11 nucleotide receptor are explored using the RNA construct shown in Fig. 1A . Linked by a flexible singlestranded poly(U) junction, the GAAA tetraloop facilely and specifically docks into its receptor, modulating the energy transfer efficiency (E FRET ) between the donor (Cy3) and acceptor (Cy5) fluorophores (16, 28) . E FRET is monitored by single-molecule confocal microscopy-calculated ratiometrically from the donor and acceptor emission intensities (Materials and Methods) (28, 29) . The RNA vacillates between two well-resolved states of high (docked) and low (undocked) E FRET , as seen by the superimposed fits in Fig. 1B and C and Fig. S1 (30) . The U 7 linker (Fig. 1A) behaves as a random coil at the moderate ionic strengths and temperature ranges explored in this work (31) , permitting isolation of the thermodynamic effects of [Mg 2þ ] on the TL-R tertiary interaction alone (16) .
Both [Mg 2þ ] and temperature affect the TL-R docking equilibrium, as seen in the E FRET probability histograms for single ( Fig. 1B and C TL-R interaction can be further explored by determining the rates constants for tetraloop docking and undocking (k dock and k undock , Fig. 1A ) as a function of [Mg 2þ ]. Dwell times for the TL-R RNA in the docked and undocked states are defined in the time trajectory by crossings of a threshold set at the minimum of the bimodal E FRET distribution (28) (Fig. 1B) . To achieve a large statistical accuracy in rate constant determination, we calculate probability densities from the cumulative histograms (approximately 30 molecules and >300 transitions) of docked and undocked dwell times under each experimental condition, i.e., Pðτ i Þ ≈ Hðτ i Þ∕½0.5ðτ iþ1 − τ i−1 Þ, where Hðτ i Þ is the histogram value and τ i represents an ordered list of nonzero time bins (28) . The normalized probability densities, PðτÞ∕Pð0Þ, are well described by single-exponential decays over >3 orders of magnitude, yielding high quality rate constants, k dock and k undock , from the undocked and docked dwell times, respectively. Hidden Markov modeling is also pursued as method for determining rate constants and yields identical values within uncertainties (30) . This analysis reveals that k dock is (i) largely insensitive to temperature yet increases with [Mg 2þ ], whereas k undock (ii) increases with temperature and decreases with [Mg 2þ ] ( Fig. 1D and E).
The [Mg 2þ ] dependence of k dock and k undock is shown at 20 AE 1°C in Fig. 2A (approximately 12-fold) and slightly decelerates k undock (approximately 1.6-fold) , leading to a steep increase of the docking equi- Fig. 2B ), echoing trends observed in an A 7 linked TL-R construct (28) . These trends are fit to a four-state kinetic model with Mg 2þ -dependent and -independent docking/undocking pathways, where Mg 2þ association/ dissociation is in rapid equilibrium (Fig. 2B ). In this model, the monoexponential dwell time decays ( Fig. 1D and E) described by k dock or k undock represent the transition state for docking or undocking in a weighted average of k 1 and k 2 or k −1 and k −2 , respectively ( Fig. 2) (28, 29, 32 ). An increase in k dock and decrease in k undock with [Mg 2þ ] implies that k 1 < k 2 and k −2 < k −1 . We exploit the temperature dependence of k dock , k undock , and K dock over a large dynamic range (0 to 1 mM Mg 2þ , highlighted in Fig. 2A ) to elucidate the origin of this observed Mg 2þ -facilitated docking, i.e., how the overall and barrier enthalpies, entropies, and free energies of folding are influenced by [Mg 2þ ]. (B and C) Temperature-dependent E FRET trajectories and probability histograms at 0 mM and 1 mM MgCl 2 , respectively, with corresponding dwell time (τ) probability densities (D-E) from many molecules, which yield k dock and k undock from single exponential fits of the undocked (circles) and docked (triangles) dwell times, respectively. 
Fits of the k dock and k undock titrations with the detailed balance constraint that Fig. 4 , revealing a steep increase in k undock and a slight decrease in k dock with temperature. As in the van't Hoff plots (Fig. 3) , the slopes of the Arrhenius plots are independent of [Mg 2þ ], whereas the offsets increase. To extract the activation enthalpy and entropy from these plots, we invoke a transition-state analysis.
From generalized transition-state theory, a unimolecular reaction rate constant (e.g., k dock or k undock ) can be written in terms of the enthalpic and entropic components of the activation free energy (see SI Text):
where ΔS ‡ and ΔH ‡ are the activation entropy and enthalpy (33, 34) , which are obtainable from the slope and intercept of linear fits of ln k vs. 1∕T plots. Extraction of ΔH ‡ is unambiguous, whereas determination of the absolute value of ΔS ‡ from the experimental intercepts requires knowledge of ν. Since the dependence of the rate constant on ν is only logarithmic, an estimate of ν ≈ 10 13 s −1 proves sufficient for our purposes, based on typical low frequency (approximately 300 cm −1 ) skeletal motions (see SI Text) (35, 36) . However, the measured dependence of ΔS ‡ on [Mg 2þ ] (i.e., ΔΔS ‡ ) is completely independent of ν and therefore obtained rigorously from experiment.
Fits of the Arrhenius plots in Fig. 4 to Eq. 2 (Table 2 , top section, 100 mM NaCl) reveal a slight exothermicity in achieving the transition state (ΔH ‡ dock < 0). However, the activation entropy (−TΔS ‡ dock ≫ 0) results in a large free energy barrier (ΔG ‡ dock ≈ 16 kcal∕mol at 37°C) that slows folding more than 10 orders of magnitude below ν. Conversely, undocking is rate limited by a large enthalpic barrier (ΔH ‡ undock ≫ 0) with a favorable entropy gain (−TΔS ‡ undock < 0). Most importantly, increasing [Mg 2þ ] accelerates k dock by decreasing the entropic barrier to docking, i.e., ΔΔS ‡ dock > 0 and ΔΔH ‡ dock ≈ 0 (Table 2) with p ¼ 0.04 and 0.56, respectively (SI Text). These trends are also apparent by the constant slopes, yet increasing intercepts of the Arrhenius plots (Fig. 4) .
Discussion
"Early" Transition States as a Paradigm of RNA Folding. Characterizing RNA folding transition states has been difficult due to the ruggedness of folding landscapes (13, 15) . Isolation of the TL-R interaction simplifies interpretation of the free energy landscape. The absence of an enthalpic barrier (Fig. 5A, Tables 1-2 ) is indicative of an early or reactant-like transition state, where enthalpic rearrangements, such as hydrogen bonding between the tetraloop and receptor (21, 24) are largely unformed. The entropic barrier to folding suggests a conformational search for the transition state (14) . This interpretation can be further corroborated by Φ-analysis, whereby mutational effects on equilibrium/ (Table 1 , top, 100 mM NaCl). (18) . These studies together lend strong support to an emerging paradigm that early transition states are a characteristic property of RNA folding (9) . We now consider the origin of the large entropic barrier for TL-R docking and its dependence on [Mg 2þ ]. One simple explanation is that the TL-R transition state is "compact" (i.e., tetraloop and receptor are proximal/aligned), which is achieved by a conformational search within the radius of the U 7 linker (Fig. 1A) . Support for a compact transition state is obtained from studies of an alternative linker, A 7 vs. U 7 (Fig. S4) . In contrast to poly U, single-stranded poly A has a propensity for [Mg 2þ ]-dependent helix formation, which can decrease the disorder of the unfolded RNA (38, 39) . As summarized in Tables 1 and 2 (A 7 data and analysis are shown in Fig. S4 ), the entropic barrier and cost of folding in the A 7 construct decreases more dramatically with [Mg 2þ ] than with the U 7 linker. This trend supports the notion that increasing [Mg 2þ ] orders the undocked state by encouraging base stacking in the A 7 linker, limiting the conformational search of the tetraloop for the receptor. This ordering is accompanied by an enthalpic penalty (Table 2) , which suggests that the tetraloop must gain proximity to the receptor in a compact transition state by breaking A-A linker base stacking (39) .
In the simplest model, the search for a compact/oriented transition state is rate limited by diffusion (36) . Measurements and estimates for end-to-end contact formation in similarly sized polymer systems would predict this rate to be ≈10 7 s −1 (see SI Text) (40-42), i.e., five orders of magnitude faster than the observed TL-R docking rate at 1 mM Mg 2þ (Fig. 2) . Based on a diffusion-controlled rate of 10 7 s −1 and an attempt frequency of ν ≈ 10 13 s −1 , Eq. 2 can be rearranged to estimate a diffusional contribution to the transition-state entropy of ΔS ‡ diffusion ≈ −27 cal∕mol∕K, which is less than half of the experimental value of ΔS ‡ dock ¼ −59.4 AE 1.8 cal∕mol∕K at 1 mM Mg 2þ . Clearly, there must be additional entropy sources beyond simple diffusion of the tetraloop to the receptor.
One possible source is organization of the tetraloop and/or receptor units in the undocked vs. transition state conformations. GAAA tetraloops are rigidly structured (21, 23, 24) and therefore not anticipated to contribute to loss of entropy in the transition state. The free receptor, by way of contrast, is considerably less organized, and must undergo rearrangement upon docking (24, 26) (Fig. 5 B) . The slight exothermicity of ΔH ‡ dock (Table 2, U 7 linker, 100 mM NaCl) suggests minor tertiary contact (e.g., a hydrogen bond) in the transition state, which would add a small entropic cost (ΔS ‡ receptor < 0). This scenario is consistent with the proposal that the free receptor becomes more "rigid" in response to the tetraloop (24), which could contribute to an entropic barrier (24, 26, 27) . However, the lack of significant hydrogen bonding in the transition state (ΔH ‡ dock ≈ 0 and ΔH°d ock ≪ 0) suggests that the receptor could still be quite dynamic and therefore not yet a dominant source of entropy loss. Furthermore, procession to the docked state from the transition state is marked by an additional entropic cost and large exothermicity (Fig. 5A) , consistent with formation of the hydrogen-bonded tertiary interaction and a concomitant loss of entropy in the receptor (26, 27) .
A second source of the entropic docking barrier can arise from an uptake of Mg 2þ and/or Na þ in the transition state. Folding increases the negative charge density of RNA and is therefore frequently accompanied by a localization of counterions (9, 43) . Formation of a compact transition state (Fig. 5) requires an interface of cations to electrostatically shield the closely packed negatively charged helices (9) , otherwise an enthalpic barrier to folding would be observed. For an ideal solution, the entropic cost of localizing Mg 2þ on RNA can be estimated from
where R is the gas constant, n is the number ions taken up, with ½Mg 2þ ion atmosphere and ½Mg 2þ bulk representing the [Mg 2þ ] close in and far away from the RNA, respectively (44, 45) . ½Mg 2þ ion atmosphere can be approximated by assuming that every Table 2 . Transition-state thermodynamics of TL-R interaction (2) 19 (3) 9 (4) *Uncertainties of the last significant digits are in parentheses. phosphate charge is effectively neutralized by counterions, as supported by studies of the local ion atmosphere on DNA duplexes (46) . To illustrate that the penalty of counterion uptake can be quite large, we make a simple calculation. Treating the volume of the ion atmosphere as a helical rod with dimensions of 100 by 26 Å for the 84 nucleotide RNA construct predicts ½Mg 2þ ion atmosphere ≈ 1.3 M. This value is consistent with predictions of approximately 2 M monovalent cations on RNA helices in the absence of Mg 2þ (44) . From the analysis of k dock (Fig. 2) , the Hill coefficient (n) of 1.8 AE 0.2 can be utilized to estimate that approximately 1.8 Mg 2þ ions are taken up in the transition state (47) . For this uptake and concentration gradient, Eq. 3 predicts an entropy loss of ΔS ‡ ion uptake ≈ −26 cal∕mol∕K at 1 mM Mg 2þ . Thus, the entropy from diffusion and cation uptake (ΔS ‡ ion uptake þ ΔS ‡ diffusion ≈ −53 cal∕mol∕K) is on the order of the experimentally observed ΔS ‡ dock of −59.4 AE 1.8 cal∕mol∕K, even neglecting contributions from ΔS ‡ receptor . Thereby, as schematically depicted in Fig. 5B , (i) cation localization and (ii) intramolecular diffusion of the tetraloop to the receptor are likely predominant sources for the large entropic rather than enthalpic barrier to docking.
The above analysis reveals that the entropic cost of intramolecular diffusion (ΔS ‡ diffusion ) in the TL-R RNA accounts for nearly half of the overall entropic penalty for achieving the transition state; this contribution is not an intrinsic property of the TL-R interaction. We argue that the remaining portion of this entropic barrier arises from features of the tertiary interaction: (i) need for ion uptake to stabilize a compact TL-R transition state (ΔS ‡ ion uptake ) and (ii) ordering of the receptor (ΔS ‡ receptor ). ] provides insight into the mechanism of Mg 2þ -promoted docking. The overall docking reaction is exothermic and entropically costly, which can be attributed to a predominant contribution of hydrogen-bonding and base-stacking interactions (27, 48) . The free energy barrier (e.g., ΔG ‡ dock ¼ 15.9 AE 0.8 kcal∕mol at 1 mM MgCl 2 , 100 mM NaCl, 37°C) for achieving the transition state is due to entropy. Increasing [Mg 2þ ] increases the docking rate constant and the overall equilibrium constant (Fig. 2) by a reduction in the entropic barrier (Δð−TΔS ‡ dock Þ < 0) and entropic cost of docking (−ΔðTΔS°d ock Þ < 0), whereas ΔH ‡ dock and ΔH°d ock are unchanged (Tables 1 and 2) .
One might anticipate enhanced electrostatic screening to be a relevant mechanism of [Mg 2þ ]-assisted folding. However, such a mechanism would require a [Mg 2þ ]-dependent decrease in the enthalpy for docking, which is not observed. This surprising result motivates us to investigate the role of ionic strength by reducing the background [NaCl] from 100 mM to 25 mM, at which charge repulsion should be amplified (21, 29) . We do in fact see the correct anticipated sign of this change, i.e., with reduction in [NaCl], ΔH ‡ dock slightly increases from weakly exothermic to thermoneutral at constant 1 mM Mg 2þ (Tables 1 and 2 , Fig. S5 ). However, the change in enthalpic barrier with increasing [Mg 2þ ] is still approximately 0. More importantly, the corresponding entropic origin of [Mg 2þ ]-facilitated RNA folding at low [NaCl] becomes even more pronounced. Interestingly, the 25 mM NaCl, 2 mM Mg 2þ condition is most similar to bulk calorimetry studies by Butcher and coworkers for bimolecular association of TL-R constructs (ΔH°d ock ¼ −15.1 AE 0.6 kcal∕mol) (48) , which is in excellent agreement with our results (ΔH°d ock ¼ −16 AE 1 kcal∕mol).
This work has clearly demonstrated that Mg 2þ -facilitated TL-R docking is of an entropic origin, a behavior reminiscent of [salt]-dependent DNA duplex formation (49) . We consider possible mechanisms for this entropic effect. According to Eq. 3, increasing ½Mg 2þ bulk decreases the entropic penalty of counterion uptake. Increasing ½Mg 2þ bulk could also increase ½Mg 2þ ion atmosphere , and thereby decrease the number of cations (n) that need to be taken up with folding. (50) or stabilization of the receptor, both of which increase the sampling rate of the native state. The undocked E FRET of the TL-R construct ( Fig. 1 and Fig. S2) (51) . Furthermore, one would anticipate that stabilization of a nonnative receptor structure would unfavorably increase the docking enthalpy, which is not observed. Thus, we propose that the predominant mechanism for [Mg 2þ ]-facilitated folding in the U 7 TL-R RNA (Fig. 1A) is a decreased entropic penalty of counterion localization in the transition and docked states.
In natural RNAs, organization of the unfolded RNA may also contribute to the mechanism of [Mg 2þ ]-facilitated folding. For example, junctions (linkers) limit the conformations of unfolded states (52) (53) (54) and can be rigidified by Mg 2þ . In support of this, the [Mg 2þ ]-dependent decrease in the entropic cost of TL-R docking is much more pronounced in the A 7 vs. U 7 constructs (Tables 1 and 2 )-suggesting that [Mg 2þ ]-dependent rigidification of the linker is of large entropic benefit to the docking process. In summary, this work clearly reveals that [Mg 2þ ]-mediated formation of an isolated TL-R tertiary interaction (i) is of an entropic origin, directly counter to traditional expectations for the role of Mg 2þ in tertiary RNA folding, and (ii) involves a significantly complex interplay between the ion atmosphere and the docked vs. undocked RNA structures along the folding pathway.
Materials and Methods
RNA Preparation. Synthetic Cy3-Cy5-labeled TL-R RNA constructs (Fig. 1 ) are prepared and immobilized on the glass surface of a flow cell by biotinstreptavidin chemistry (16, 28) . Unless otherwise specified, experiments are performed in 50 mM hemisodium Hepes buffer (pH 7.5 at 25°C) with 100 mM NaCl, 0.1 mM EDTA, and an oxygen scavenger of 60 nM protocatechuic acid, 5 mM protocatechuate-3,4-dioxygenase, and 2 mM Trolox (55) with the specified [Mg 2þ ] from added MgCl 2 . There is kinetic heterogeneity of the TL-R constructs under all conditions; experiments are performed on the approximately 70% population of actively docking species (16, 28, 29) .
Temperature-Controlled Single-Molecule FRET Measurements. Emission from the donor (Cy3) and acceptor (Cy5) is spectrally separated for time-correlated single-photon counting detection using an inverted confocal microscope system (28, 29) with temperature control (SI Text). Fluorescence trajectories of the donor and acceptor signal from single molecules are binned at 3-10 ms integration. E FRET is calculated from the acceptor and donor signals ½E FRET ¼ I A ∕ðI A þ γI D Þ, where γ is the quantum yield ratio of Cy5 to Cy3 and I A and I D are the acceptor and donor fluorescence intensities corrected for background, direct laser excitation of the acceptor, and collection efficiencies/crosstalk (28, 29) .
